Pulmonary infection is the dominant clinical feature of cystic fibrosis (CF), but the basis for this susceptibility remains incompletely understood. One hypothesis is that CF airway surface liquid (ASL) is abnormal and interferes with neutrophil function. To study this possibility, we developed an in vitro system in which we collected ASL from primary cultures of normal and CF airway epithelial cells. Microbial killing was less efficient when bacteria were incubated with neutrophils in the presence of ASL from CF epithelia compared with normal ASL. Antimicrobial functions of human neutrophils were assessed in ASL from CF and normal epithelia using a combination of quantitative bacterial culture, flow cytometry, and microfluorescence imaging. The results of these assays of neutrophil function were indistinguishable in CF and normal ASL. In contrast, the direct bactericidal activity of ASL to Escherichia coli and to clinical isolates of Staphylococcus aureus and Pseudomonas aeruginosa was substantially less in CF than in normal ASL, even when highly diluted in media of identical ionic strength. Together, these observations indicate that the antimicrobial properties of ASL in CF are compromised in a manner independent of ionic strength of the ASL, and that this effect is not mediated through a direct effect of the ASL on phagocyte function.
astonishing improvement compared with the median survival of 10 years in the 1940s (3) (4) (5) Nonetheless, this improvement must be tempered with the reality that even now, the vast majority of patients with CF will die from pulmonary disease consequent to progressive inflammatory damage (3, (5) (6) (7) .
Mutations in CFTR lead to unique alterations in the microenvironment of the lung that facilitate bacterial infection with a restricted group of microorganisms. Reported abnormalities in the CF lung include altered fluid and ionic fluxes across the respiratory epithelium, diminished glutathione levels, excessive and dehydrated luminal mucus, diminished mucociliary clearance, altered patterns of epithelial surface molecule glycosylation, and decreased activity of bactericidal factors such as lysozyme, lactoferrin, defensins, and cathelicidins in the airway surface liquid (ASL) (8) (9) (10) (11) (12) (13) (14) (15) . Notably, alterations in antibacterial factors may be consequent to the action of neutrophil-derived proteinases such as elastase (16, 17) . Another possibility is that CFTR itself may serve as an epithelial receptor for Pseudomonas aeruginosa, triggering bacterial internalization and aiding in their clearance. Thus, according to this concept, mutations in CFTR result in diminished clearance of this common CF pathogen and may explain the frequency with which CF lungs are colonized with P. aeruginosa (18) . However, despite intensive investigation, the relative importance of these multiple factors to the clinical manifestations of CF remains uncertain.
Neutrophil-predominant airway inflammation in CF begins early during the neonatal period, increases throughout childhood and adolescence, and is associated with persistent airway infection, but whether it is a cause or a consequence of infection remains conjectural (19) (20) (21) (22) (23) (24) (25) (26) . Paradoxically, despite the presence of increased numbers of these phagocytes, bacteria survive and often thrive in CF lungs, suggesting a defect in antimicrobial functions of phagocytes in the milieu of the CF airway. One possibility is that there is an intrinsic defect in phagocyte function. Indeed, there are reports of defects in CF neutrophils, including increased oxidant production (27) and alterations in Cl Ϫ flux and intracellular pH regulation (28) , that may thwart antimicrobial functions and predispose to inflammatory tissue injury. However, because expression of CFTR mRNA and protein is normally exceedingly low in professional phagocytes such as neutrophils and macrophages (29) , whether these reported defects are intrinsic to the phagocytes or secondary to extrinsic factors, such as abnormalities in the ASL (see above), or to the systemic effects of inflammation as a consequence of infection in CF, remains unresolved. Accordingly, the purpose of the current study was to determine if the ASL collected from CF epithelia inhibits antimicrobial functions of neutrophils. To address this issue without the confounding factor of systemic inflammation in CF, we developed an in vitro model system that allowed us to collect ASL from cultured CF and non-CF epithelial cells and study its effects on neutrophil antimicrobial functions ex vivo.
MATERIALS AND METHODS

Chemicals
Collagen (Human Placental type VI), calcium chloride, magnesium chloride, fibronectin, silicone oil, N-formyl-Met-Leu-Phe (fMLP), cytochalasin D, and phorbol 12-myristate 13-acetate (PMA) were from Sigma-Aldrich (St. Louis, MO). Sheep red blood cells (sRBCs) were from ICN/Cappel (Aurora, OH). Texas Red sulfonyl chloride, dihydrorhodamine (DHR), and fluorescein-5-isothiocyanate were from Molecular Probes, Inc. (Eugene, OR). Paraformaldehyde (16%) (PFA) and glutaraldehyde (EM-grade) were from Canemco Inc. (St. Laurent, PQ, Canada). Collagen (Bovine type I) was from BD Biosciences (Bedford, MA). Trypan blue stain was from Life Technologies (Grand Island, NY).
Antibodies
Rabbit anti-sheep IgG was from ICN/Cappel. Mouse monoclonal antibody to human CD63 antigen (LP9) and mouse monoclonal antibody to human CD66b antigen (80H3) were from Serotec Ltd (Kidlington, UK). Fluorescein isothiocyanate (FITC)-labeled mouse monoclonal antibody to the human CD11b (Mac-1) antigen (VIM12) was from Caltag Laboratories (Burlingame, CA). Alexa Fluor 488-labeled goat anti-mouse and Alexa Fluor 488-labeled goat anti-rabbit IgG secondary antibodies were from Molecular Probes.
Tissue Culture Reagents
UltroSerG powdered media was from BioSepra (Marlborough, MA). Bronchial Epithelial Cell Basal Medium (BEBM) and BEGM Singlequots were from Cambrex (Walkersville, MD). PBS was from Wisent Inc. (St. Bruno, PQ, Canada) or the University of Toronto Media Services (Toronto, ON, Canada). Plastic Transwell inserts were from Costar (Corning, NY). Plastic MilliCell inserts were purchased from Millipore Corporation (Bedford, MA). Metal Attofluor Cell Chambers were from Molecular Probes. Glass coverslips (25 mm) were from VWR Scientific, Inc. (West Chester, PA).
Airway Epithelial Culture
Human bronchial epithelial cells, harvested and processed according to methods described previously (30) , were provided by Dr. J. Zabner and the "In Vitro Models and Cell Culture Core" of the University of Iowa. In brief, sections of major bronchi were dissected, rinsed, enzymatically digested, and differentially plated to yield a population of primary human lung epithelial cells. Cells were plated on collagencoated matrices on either MilliCell or Transwell tissue culture inserts and grown to confluence in an air-liquid interface. Cells were grown to confluence in UltroSerG or BEGM media and, once confluent, the apical surfaces were washed multiple times with antibiotic-free media and aspirated creating an air-liquid interface in which cells were maintained. ASL was collected from these surfaces either directly, in the case of bovine collagen-coated Transwell inserts, or by the addition of a rinsing step with a small volume (20 l) PBS plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ or UltroSerG media without antibiotics in the case of MilliCell inserts (see below). A brief centrifugation step removed unwanted cellular debris (see Figure 1 for an overview of the experimental design).
MilliCell inserts have been the standard in our laboratory for years and support epithelial growth well. These inserts were used in initial experiments. However, the volume of ASL generated is very small and retrieval requires washing of the monolayer with small volumes of buffer. As an alternative method we used Transwell inserts. These are transparent, thus allowing for microscopic visualization of the epithelial monolayer and the possibility of direct imaging of live neutrophils added directly to the epithelial monolayers in situ. Epithelia grown on these inserts tended to produce larger volumes of ASL, thus facilitating collection. MilliCell inserts were used exclusively for bacterial killing (neutrophil-mediated) and secretion assays, since these could be done using very small volumes of ASL or on diluted ASL. ASL collected from both insert types was used for bacterial killing (ASL alone) and chemokinesis experiments. The results did not differ significantly between the two systems. ASL from cells grown on Transwell inserts was used for phagocytosis and respiratory burst assays, as these required larger volumes of ASL that was not diluted. 
Human Peripheral Blood Neutrophil Isolation
Human neutrophils were isolated from anticoagulated peripheral blood in a mixture of sodium metrizoate and dextran 500 (1- 
Bacterial Culture
Escherichia coli DH5␣ and clinical isolates of Staphylococcus aureus and P. aeruginosa obtained from the Clinical Microbiology Laboratory, Hospital for Sick Children, Toronto, were used in this study. Bacterial strains were maintained at Ϫ80ЊC as glycerol stocks, and streaked onto LB agar plates to obtain single colonies before use in these studies. One colony of the indicated bacterial strain was selected and grown overnight in LB medium and then washed once with sterile PBS. After washing, cells were sedimented at 6,000 ϫ g for 10 min at 22ЊC and then resuspended in PBS. The final density of the cells was 1 ϫ 10 in heat-inactivated FBS for 30 min at 37ЊC and then washing the cells once in sterile PBS. Viable bacterial counts were measured after plating 10-fold serial dilutions of bacteria on LB agar plates.
Bacterial Killing
Bacterial killing was assessed by quantitative agar plate culture. ASL samples were used either undiluted or diluted with sterile Milli-Q water or PBS to a final dilution factor of between 1:50 and 1:250 depending on the type of bacteria studied as indicated. Bacteria (500-2,000 cfu) were added to each sample and incubated for times between 0 and 120 min at 37ЊC as indicated. Viable bacteria were counted by plating serial dilutions of bacteria on LB agar plates. In experiments examining bacterial phagocytosis and killing by neutrophils, 0.5 ϫ 10 6 neutrophils were placed in ASL samples, either undiluted or diluted as indicated. Bacteria (1.5 ϫ 10 6 cfu; multiplicity of infection of 3:1), were added to the ASL and incubated for 2, 10, or 120 min at 37ЊC as indicated. Bacterial recovery was performed by centrifugation at 16,000 ϫ g for 7 min, followed by resuspension in ice-cold sterile 0.2% (vol/vol) Triton X-100. Viable bacterial counts were determined as described above and compared to cfu counts at time 0 in order to determine percent bacterial survival.
Chemokinesis
Glass coverslips were coated with 50 g/ml fibronectin for 45 min at room temperature then thoroughly rinsed with PBS. Coated coverslips were then mounted in cell chambers and overlaid with water-saturated silicon oil. One microliter of normal ASL, CF ASL, PBS, or tissue culture media (BEGM) was injected under the oil onto the surface of the coverslip. Although this is more technically challenging, injecting ASL under oil eliminated evaporative losses, allowing us to study the small ASL volumes generated in our in vitro systems. Neutrophils were then injected into this droplet with a Nanoliter 2000 injection apparatus (World Precision Instruments Inc., Sarasota, FL) and allowed to settle and attach for 5 min at 37ЊC. Images were collected with an Orca ER camera (Hamamatsu Photonics K.K., Hamamatsu, Japan) using Metafluor software (Universal Imaging Corporation, Molecular Devices Corporation, Sunnyvale, CA) once every 15 s for 25 min (100 images). fMLP (final concentration ‫ف‬ 10 Ϫ7 M) was then injected into the droplet and cells imaged as before. The images acquired using Metafluor were imported into Metamorph (Universal Imaging Corporation, UK) and five individual cells from each experiment were randomly picked and tracked both with and without fMLP. Cell movement was expressed in m/min. 
Exocytosis
Phagocytosis
Two assays were used to assess the phagocytic ability of neutrophils. First, sheep erythrocytes were opsonized with rabbit anti-sheep IgG for 1 hr at 37ЊC with shaking, stained with Texas Red for 20 min at 4ЊC, and washed with PBS. Neutrophils and erythrocytes were combined (1:4 to 1:5) and kept on ice to allow binding but prevent ingestion. One microliter of the combined neutrophil and erythrocyte mixture was added to 10 l of WT ASL, CF ASL, or control (PBSϩϩ), mixed well, sedimented in a microcentrifuge, and incubated for 5 min at 37ЊC. The cells were then gently resuspended and incubated a further 20 min, after which they were placed on ice and incubated with 1:10,000 goat anti-rabbit Alexa 488 for 15 min to label nonphagocytosed erythrocytes. Cells were then mounted (Dako mounting medium; Dako Corp., Carpinteria, CA) on a glass slide, visualized with a Leica DMIRB inverted fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) and scored in terms of the number of phagocytosed erythrocytes per 100 neutrophils.
In a second assay, 1-2 ϫ 10 8 P. aeruginosa were labeled with 1 mg/ml FITC in PBS, and placed on a rotator at room temperature for 30 min. After washing with PBS, bacteria were fixed with 2% EM-grade glutaraldehyde and placed on a rotator at room temperature for 30 min. After rinsing, bacteria and neutrophils were combined at a multiplicity of infection of 20:1, sedimented briefly, and incubated in 10 l of normal ASL, CF ASL, or control buffer (PBSϩϩ or USG-antibiotics) for 5 min 37ЊC. The cells were then gently resuspended and incubated a further 20 min, after which they were removed to ice. Five microliters was added to 5 l 0.5% trypan blue (to quench extracellular fluorescence) on a glass slide with a glass coverslip, visualized with a Leica DMIRB inverted fluorescence microscope and scored for phagocytic index.
Oxidant Production (Respiratory Burst)
Neutrophils (0.5-1 ϫ 10 6 ) were sedimented (10 s at 75% speed in a microcentrifuge) and resuspended in tissue culture medium, normal or CF ASL. One microliter of 10 Ϫ4 M dihydrorhodamine was added to each tube followed by 1 l of 10 Ϫ6 M PMA or DMSO control, mixed, and incubated for 15 min at 37ЊC in the dark. Cells were sedimented and resuspended in 10 l PBS and added to 400 l PBS containing 4% paraformaldehyde and analyzed by flow cytometry on a FACScan flow cytometer equipped with CELLQuest software (Becton Dickinson, Palo Alto, CA).
Statistical Analysis
ANOVA was applied to evaluate the significance of differences using SPSS for Windows (version 12; SPSS Inc., Chicago, IL). If significant by ANOVA, correction for multiple comparisons was made using least squared differences. A P value of Ͻ 0.05 was considered to be significant. Data that were normally distributed are expressed as mean values Ϯ 1 SEM.
RESULTS
Bacterial Killing Is Defective When Neutrophils Are Incubated in CF ASL
To determine if the ASL from CF epithelia modulates neutrophil-mediated bacterial killing, we compared the efficiency of bacterial killing by neutrophils incubated in CF or normal (WT) ASL. For these studies, 1.5 ϫ 10 6 E. coli (used here as a wellcharacterized model for the study of bacterial phagocytosis) were incubated with 0.5 ϫ 10 6 neutrophils in CF or normal ASL. The ASL was diluted 250-fold based on preliminary experiments that demonstrated extremely rapid (Ͻ 1 min) killing of bacteria in undiluted ASL from both normal (control) and CF epithelia. Under the conditions of this assay, bacteria may continue to proliferate and thus greater than 100% "survival" may be noted. After 2 min of incubation at 37ЊC, significantly fewer bacteria were killed in the CF ASL group compared with the normal ASL group (data not shown). This difference was also evident at 10 min (Figure 2 ), at which time 101 Ϯ 9.2% of the initial bacteria remained viable in CF ASL as compared to 67 Ϯ 6.4% in normal ASL. These data reflect the results of a minimum of six independent experiments with ASL from three different normal (control) and CF epithelial cell isolates. From these observations we conclude that bacterial killing is deficient when neutrophils are incubated in ASL from CF as compared to normal epithelial cells.
It is noteworthy that the experimental protocol was designed to minimize the amount of residual antibiotics present in the ASL, as they could clearly influence bacterial survival. First, before the air-liquid interface culture, epithelial cells were washed multiple times with antibiotic-free culture medium and the apical surface aspirated to near dryness, allowing fresh ASL to accumulate. Second, the epithelial monolayers were cultured for a minimum of 1 wk in antibiotic-free medium, during which time the apical surface of the epithelial cells was washed with antibiotic-free medium and aspirated to near dryness every other day. The basal culture medium was also changed every second day and replaced with antibiotic-free medium. To control for the possible presence of residual antibiotics, we sampled the medium from the basolateral side of the wells from CF and normal epithelial cell cultures and determined that this medium had no detectable antimicrobial activity (data not shown). This argues strongly against the possibility that residual antibiotics were responsible for the differential bacterial killing observed between CF and normal ASL.
Assessment of Neutrophil Antimicrobial Functions in ASL
To examine further the mechanism by which ASL influences bacterial killing, we assessed a variety of neutrophil properties relevant to their antimicrobial function including motility, oxidant production, exocytosis of granule contents, and phagocytosis. This necessitated the development of miniaturized assays (see Materials and Methods and Figure 1 ) to allow the comparison of neutrophil functions in very small amounts of CF and normal ASL. An effort was made in all cases to use minimally diluted or undiluted ASL, to reproduce the conditions prevailing in situ as closely as possible.
Chemokinesis
We first assessed neutrophil motility (chemokinesis) in response to the bacterially derived formyl peptide, fMLP, using a microscope-based live cell imaging system where cells were incubated in a minute droplet (1 L) of CF or normal ASL trapped under a layer of silicone oil on a coverslip, maintained at physiologic temperature in a thermoregulated imaging chamber (Figure 3) .
The ASL was injected underneath the layer of silicone oil to minimize evaporative loss on the microscope stage. Subsequently, neutrophils were introduced into the aqueous phase using a micropipette and allowed to settle onto the glass coverslip, which had been previously coated with fibronectin ( Figures 3A-3C ). Differential interference contrast images were acquired every 15 s immediately before and for 10 min after addition of the chemoattractant. The migration velocity of individual cells was determined using image analysis software (Metamorph; Universal Imaging Corporation). The rates of spontaneous migration of unstimulated neutrophils in either normal or CF ASL were similar in all groups (Figures 3D and 3E ). After stimulation with fMLP, neutrophil velocities increased markedly, but were not different between cells bathed in CF or normal ASL. The velocities of neutrophils in ASL collected from Transwell cultures tended to be somewhat higher than in ASL from MilliCell inserts, although this difference did not achieve statistical significance.
Exocytosis of Granules
Secretion (exocytosis) of granule-associated proteolytic enzymes and antimicrobial peptides and proteins is essential for efficient microbial killing (31) . We used flow cytometry to assess exocytosis by quantifying cell surface expression of markers of defined secretory granule types. As before, a miniaturized assay had to be devised to assess secretion in the very small volumes of ASL collected from the cultures (see Materials and Methods for details). CD63 was used as a marker of primary (azurophilic) granules, CD66b as a marker of secondary or specific granules, and CD11b as a marker of both secondary granules and secretory vesicles (32) . As illustrated in Figure 4 , there was a trend towards decreased agonist-induced secretion in neutrophils incubated in CF ASL compared with normal ASL, but these differences did not attain statistical significance. The mean ratio of stimulated to unstimulated cell fluorescence intensities (Ϯ SEM) for CF and normal ASL, respectively, were as follows: for CD11b 1.7 (Ϯ 0.31) and 2.3 (Ϯ 0.36), for CD63 1.7 (Ϯ 0.24) and 2.0 (Ϯ 0.41), for CD66b 3.5 (Ϯ 0.60) and 4.9 (Ϯ 1.88).
Phagocytosis
Phagocytosis (ingestion) of microbial pathogens is essential for proficient bacterial killing (33) . As an initial approach to examine the effects of ASL on neutrophil phagocytosis, IgG-opsonized sheep red blood cells were used as phagocytic prey. This system uses a combination of fluorescent tags and hypotonic lysis of extracellular erythrocytes to enable unequivocal differentiation of internalized (phagocytosed) prey from surface-bound prey (see Materials and Methods). To avoid dilution of the ASL, 1 l of a concentrated mixture of neutrophils and phagocytic targets was added to 10 l of freshly collected ASL. Internalization was quantified as the phagocytic index (number of particles ingested per 100 cells; Figures 5A and 5B). A minimum of 100 neutrophils were assessed for each condition, and the results represent experiments performed on six different days. As illustrated in Figure 5E , no differences were noted in the phagocytic ability of neutrophils incubated in ASL collected from CF or normal cultures or in PBS.
We next assessed the ability of neutrophils to engulf P. aeruginosa, a pathogen that is important in CF. To maximize the relevance of these studies, we used a clinical isolate of P. aeruginosa cultured from a patient with CF. Preliminary experiments revealed that neutrophils ingested and degraded live bacteria very rapidly, making quantification of internalized bacteria difficult due to intracellular fragmentation. To circumvent this problem, we first briefly fixed these bacteria and then labeled them with FITC. Under these conditions, neutrophils readily internalized P. aeruginosa and single intracellular bacteria could be easily identified by fluorescence microscopy ( Figures 5C and  5D ). Under these conditions, there was no difference in the efficiency of phagocytosis between neutrophils incubated in normal or CF ASL ( Figure 5F ).
Respiratory Burst
Bacterial killing is also dependent on the ability of neutrophils to generate reactive oxygen species by a process termed the "oxidative burst" (34) . To assess this important aspect of phagocyte function, flow cytometry was used to quantify the oxidantmediated conversion of nonfluorescent DHR to its oxidized and fluorescent derivative, rhodamine 123 (35) . For these studies, PMA was used as an effective agonist of the neutrophil NADPH oxidase. Each experiment was repeated on at least four separate days. Figure 6B illustrates that no differences were apparent in oxidant production in neutrophils incubated in ASL from CF or normal epithelial cultures or in PBS.
Direct Bactericidal Effects of ASL
The experiments detailed above indicated that, while bacterial killing was compromised under conditions in which bacteria were incubated with neutrophils in ASL collected from CF cultures compared to normal (WT) ASL, no significant differences were detected in the native antimicrobial functions of neutrophils in the two solutions. While there was a trend toward enhanced secretion in neutrophils incubated in normal ASL compared to CF ASL, it is unlikely that this alone accounts for the variation seen in bactericidal effects. This raised the possibility that the defect was attributable to differences in the intrinsic bactericidal properties of the ASL itself. To test this possibility, the survival of bacteria incubated in ASL derived from normal and CF cultures was compared, in the absence of neutrophils. Parallel measurements were performed using water as a control, since PBS was found to impair slightly bacterial survival and growth. For these studies, several types of bacteria were used. Initial studies used a laboratory strain of E. coli to facilitate development of the system. Using these bacteria, after 10 min of incubation in ASL, the number of remaining viable bacteria was quantified by serial dilution and quantitative agar plate culture, and is expressed as a percentage of the number present at time zero. A minimum of triplicate assays for each condition was performed and repeated on three separate days. At low dilution (1/125), 52 Ϯ 2.3% of bacteria in the normal ASL survived as compared to 81% Ϯ 2.5% in the CF ASL group and 100% Ϯ 3% in the sterile water group. These differences were statistically significant (p Ͻ 0.05). At higher dilution (1/250), the differences were still apparent, with 76% Ϯ 2.2%, 89% Ϯ 2.2%, and 105% Ϯ 2.2% bacterial survival in normal ASL, CF ASL, and sterile water, respectively (see Figure 7) .
To examine the antibacterial properties of ASL against bacteria more relevant to CF, we extended the studies to examine ASL-mediated bacterial killing of clinical isolates of S. aureus and P. aeruginosa. The latter was isolated from a patient with CF. Initial experiments revealed that the clinical isolates were much more resistant than E. coli to killing by ASL. Consequently, we used a higher concentration of ASL (1:50 dilution) and a longer period of incubation (2 h) for these experiments. Under these conditions, bacteria exposed to normal ASL had significantly less survival than bacteria grown in CF ASL or in control medium. In normal ASL, 31.5% of the initial number of S. aureus was present after 2 h, compared with 439% in the CF ASL and 596% in the control medium (see Figure 8A) . These results represent four experiments performed on separate days. For P. aeruginosa, only 16% of bacteria survived in normal ASL, compared with 123% in CF ASL and 110% in the control medium (see Figure 8B ). These data represent the mean of five independent experiments. These results indicate that there is a generalized bacterial killing defect intrinsic to CF ASL and that this defect is applicable to bacteria that are relevant to the pathogenesis of CF lung disease.
DISCUSSION
The current studies address the notion that abnormalities in the composition of the ASL in CF compromise the innate immune response and, specifically, bactericidal functions of neutrophils. To study this possibility, we implemented an in vitro system of primary cultures of human CF and normal human airway epithelial cells grown in an air-liquid interface on semipermeable tissue culture inserts. This model system enabled us to collect small (microliter) quantities of ASL from these cultures. In parallel, we developed techniques to assess the microbicidal functions of human peripheral blood neutrophils in very small volumes of ASL, using a combination of live microscopic imaging and flow cytometry. We observed that bacterial killing was deficient under conditions in which neutrophils were incubated in CF compared with normal ASL. However, further experiments delineated that neutrophil antimicrobial functions were not compromised by ASL from CF cultures, but rather that the primary defect was impaired bacterial killing by the ASL itself.
CF results from mutations in the CFTR gene, leading to the absence or deficiency of the membrane protein that is primarily responsible for chloride conductance in normal airway epithelia. This defect somehow predisposes the lungs to chronic bacterial infection, most notably with Pseudomonas species. One potential explanation for the selective susceptibility of the CF airway to infection with P. aeruginosa, proposed by Pier, is that CFTR itself is an epithelial cell receptor for the bacterium (18) . According to this concept, subsequent to binding, the bacteria are engulfed by the epithelium and cleared through sloughing of cells from the lung. However, this paradigm does not explain why CF lungs are colonized with non-Pseudomonas species such as S. aureus, Haemophilus influenzae, and in some geographic locations Burkholderia cepacia, or why Pseudomonas and other bacteria are not killed by innate defenses found in the ASL. Data from our current study build on this foundation and suggest that S. aureus and P. aeruginosa are both relatively resistant to killing by ASL collected from CF epithelia, and thus may survive and proliferate in the milieu of the CF airway.
The defect in microbial killing observed in CF has been attributed to a number of factors in the ASL that can be considered in three categories: (1 ) a primary neutrophil defect, (2 ) alterations in ASL composition that secondarily lead to compromised neutrophil function (i.e., a secondary neutrophil defect), or (3 ) a primary defect in the antimicrobial properties of the ASL itself (i.e., a neutrophil-independent defect). It is recognized, however, that these are not mutually exclusive and that all three types of defect may coexist and contribute to the predisposition to lung inflammation/infection in CF. With respect to the first possibility, to the extent that neutrophils from patients with CF do express small amounts of CFTR, it is conceivable that they have intrinsic functional defects related to the dysfunction or absence of this protein. Indeed, one report suggests that the enhanced phagocyte oxidase activity observed in neutrophils from patients with CF, although harmful to homozygotes by contributing to lung damage, may confer a selective advantage to heterozygotes and may provide an explanation for the relatively high frequency of CFTR mutations in the general population (36) . In addition to enhanced oxidase activity, stimulated CF neutrophils have augmented secretion of proinflammatory cytokines such as IL-8, lipoxygenase products, and granule enzymes (myeloperoxidase and elastase) compared with normal neutrophils (27, (37) (38) (39) (40) . Alternatively, CFTR dysfunction may alter intracellular ionic concentrations and/or the pH of the neutrophils and thus interfere with their ability to release enzymes normally (27, 28) . Low cytosolic chloride concentrations can also independently modulate protein phosphorylation, actin polymerization, secretion of lysozyme, and the respiratory burst in neutrophils (41) . Other neutrophil defects may be explained by in vivo priming due to exposure of neutrophils to increased levels of endogenous inflammatory mediators that are a consequence of extensive pulmonary infection and inflammation (37, 38) . However, proinflammatory mediators can also paradoxically lead to depressed neutrophil function under some circumstances through receptor desensitization (42, 43) , and this may explain in part the reduced bacterial killing noted in CF despite increased levels of inflammatory mediators. Further, L-selectin shedding, a normal event in the process of neutrophil adhesion and activation, is decreased in CF neutrophils, suggesting a defect in their inflammatory responsiveness (44) . Thus, as there is evidence that CFTR may independently influence neutrophil function, and given that variable degrees of endogenous inflammation may unpredictably prime neutrophils isolated from patients with CF, we chose to study neutrophils from normal controls in order to focus on the potential effects of the ASL on neutrophil function.
In the present study, we observed initially that bacterial killing was reduced when neutrophils were incubated together with bacteria in ASL from CF cultures (Figure 2) . In order to explore the possibility of a secondary neutrophil defect, we examined a variety of their antimicrobial functions including chemokinesis, granule secretion, phagocytosis, and oxidant production in CF and normal ASL. We observed that each of these critical antimicrobial functions was similar whether the milieu was CF or normal ASL (Figures 3-6) . While we noted a trend toward reduced granule exocytosis in neutrophils incubated in CF ASL, this difference was not statistically significant and is unlikely by itself to explain the defective bacterial killing observed in our studies. Though this notion remains controversial, it has been suggested that salt concentrations may be altered in ASL from CF tissues, and investigators have proposed that high salt concentrations may directly influence neutrophil function (45, 46) . There is also evidence that elevated chloride in particular can both enhance neutrophil release of IL-8 and reduce killing of Pseudomonas, presumably through disruption of phagocytosis (47) . Alternatively, low sodium concentrations may alter some neutrophil antimicrobial functions, specifically killing of P. aeruginosa (48) . However, these reports are not universally accepted, as other investigators have not observed defective neutrophil-mediated killing of P. aeruginosa or S. aureus in conditions of either high or low sodium concentrations (45) . In the current study, no significant defect in neutrophil function was observed in CF ASL, and thus a secondary neutrophil defect due to abnormalities induced by CF ASL is not supported by our experiments and does not explain our findings.
With respect to the third possibility, we examined the intrinsic (direct) bactericidal activity of isolated ASL from normal and CF epithelial cells. These studies revealed that ASL from normal epithelial cells exhibited potent and rapid microbial killing activity toward both Gram-positive (S. aureus) and Gram-negative (E. coli and P. aeruginosa) bacteria even when substantially diluted (Figures 7 and 8) . By contrast, the bacterial killing activity of CF ASL was deficient. These data indicate that normal ASL has potent microbial killing activity that is poorly sensitive to changes in the salt concentration, because it is present even when diluted up to 250 times with water. We specifically examined the ability of ASL to kill clinical isolates of S. aureus and P. aeruginosa to ensure the relevance of this system to CF pathogens. As these bacteria are more resilient than E. coli, we used more concentrated ASL (1:50) for a longer period of time (2 h). In this situation, CF ASL was again found to be less effective in bacterial killing when compared with normal ASL (Figure 8 ). Taken together, these observations suggest that the primary innate antimicrobial defect in CF is not one of altered phagocytic function, but rather is a consequence of a defect in the intrinsic antimicrobial properties of the ASL itself.
In developing this experimental system, we carefully considered the possibility that residual antibiotics might be a confounding variable in our system. To minimize this possibility, the epithelial cultures were washed multiple times and cultured for weeks in antibiotic-free medium. Moreover, CF epithelia require four antibiotics to prevent bacterial contamination in the initial phase of culture, whereas normal epithelia require only two. Despite the use of additional antibiotics in the CF epithelia, the ASL derived from these cultures was always much less effective in bacterial killing than that of control epithelia.
In the current studies, the fact that differences in bactericidal activity were preserved after dilution of the ASL argues against the possibility of a salt-sensitive mechanism for bacterial killing in ASL. Our observations, however, do not preclude the possibility that there are additional salt-dependent antimicrobial effects in the milieu of the ASL in vivo. In fact, the "high salt" hypothesis suggests that defective chloride ion absorption leads to increased ionic strength of the CF ASL (49) . Further, such alterations in ionic strength may interfere with defensin function and thus compromise microbial killing (50) (51) (52) . However, recent data indicate that the salt concentration of the CF ASL is normal and that the principal defect in CF lies in the regulation of the volume of the ASL (8, (53) (54) (55) . The "low volume" ASL hypothesis asserts that while the ionic composition of CF ASL is normal, its volume is low as a result of enhanced sodium absorption (55) . In this regard, mice overexpressing ENaC, a condition that results in increased sodium absorption in the airways, develop some of the clinical features of CF lung disease, including inflammation and poor bacterial clearance (46) . These data strongly support the concept that the primary defect in the CF lung relates to altered ASL volume rather than altered ionic composition.
Our observation that there are salt-independent defects in the antimicrobial function of CF ASL is compatible with reports by other investigators. For example, Bals and coworkers, using a laboratory strain of P. aeruginosa (PAO1), previously described that CF ASL is lacking an antimicrobial factor that is independent of the salt concentration and can be restored by CFTR gene transfer (56) . Our observations confirm and extend these findings by demonstrating that the impaired bactericidal activity in the CF microenvironment is not related to neutrophil functional defects and is applicable to clinically relevant bacterial pathogens. In addition, we report that the ASL-mediated bactericidal activity is preserved at up to 50-fold dilutions for P. aeruginosa and S. aureus and up to 250-fold for E. coli. The nature of the bactericidal activity in ASL remains unknown. In this regard, CFTR may regulate other properties of the ASL in addition to sodium and chloride conductance that may impact Figure 8 . More bacteria survive in CF ASL than normal (WT) ASL. Survival of (A ) S. aureus and (B ) P. aeruginosa was quantified in media, normal ASL (WT) and CF ASL (CF) at a 1:50 dilution after 2 h incubation at 37ЊC. Data shown as mean percent survival (based on baseline colony counts at time 0) Ϯ SEM are from four independent experiments on four separate days for S. aureus and from five independent experiments on five separate days for P. aeruginosa. For each experiment, the colony counts were averaged from three plates. *P Ͻ 0.05 compared with the CF ASL group. on microbial defense. For example, CFTR regulates ASL pH through exchange of bicarbonate for chloride. Though conflicting reports exist, it has been suggested that in CF the ASL is acidified (57) . However, this potential hyperacidity cannot explain our in vitro findings, as the ASL retains its killing ability even when diluted in large volumes of well-buffered solution (cell culture medium or PBS).
CFTR mutations can also result in altered secretion by airway epithelial cells. There is evidence that CF cells have reduced mucin and protein secretion. It has been suggested that posttranslational protein modifications such as sialylation may be influenced by CFTR (58) , and thus a number of cell surface proteins may exhibit altered function in the presence of defective CFTR. This is consistent with work by Bals and colleagues, who suggest that the antimicrobial defect in CF ASL is proteasesensitive but is not due to alterations in the amount or function of lactoferrin, lysozyme, hBD-1, hBD-2, or LL-37 (56) . In patients with CF, these and other innate immune molecules may be altered secondarily by leukocyte-derived products such as elastase that can cleave complement components (16) and cathepsins that inactivate lactoferrin (17) . A key issue is that while decreased levels of innate immune molecules observed in vivo in CF (such as low lactoferrin) may be attributable to excessive proteinase action, in our simple in vitro system these neutrophilderived factors (elastase or cathepsins) are not present. Thus any defect in innate immunity in our model is intrinsic to the epithelial cells and their secreted products. Identification of the defective factor(s) may provide an attractive target for pharmacotherapy, especially since this factor is bactericidal after extensive dilution.
The bacterial killing defect in ASL may also be related to the ability of CFTR to modulate the redox state of ASL through secretion of the antioxidant glutathione (GSH). This theory is based on several key observations. First, CFTR can function as a "permeation pathway" allowing GSH transport into the ASL (59) . Second, although ASL normally contains a high concentration of GSH (60) , in CF it is greatly reduced (61) . Finally, a reduction of GSH in the ASL leads to oxidative stress and can result in conditions very similar to those present in CF, including impaired mucolysis, reduced nitric oxide production and importantly, altered leukocyte function manifested as reduced bactericidal effectiveness (62) . In addition to deleterious effects on neutrophils, innate immune molecules such as surfactant proteins can be oxidized, leading to their dysfunction (63) . Jointly, these observations suggest that the altered redox state of CF ASL may modulate an antimicrobial factor(s) leading to a defective bacterial killing. Not surprisingly, antioxidant therapy and GSH replacement have been advocated and attempted in patients with CF (64, 65) .
In summary, the current experiments demonstrate that CF ASL is intrinsically deficient in one or more antimicrobial factors that are present in normal ASL. These factors remain active against clinically relevant bacteria, S. aureus and P. aeruginosa, despite dilution, and their activity is therefore independent of salt concentration. Further, ASL collected from CF epithelia does not compromise neutrophil antimicrobial functions when studied in vitro, supporting the notion that there are neutrophilindependent defects in bacterial killing in CF. Additional studies will be required to delineate the nature of the CF-related antimicrobial defect.
